ABSTRACT: Populations of the toxic dinoflagellate Karenia brevis that remain near the benthos in deep shelf water in the Gulf of Mexico could be the source for toxic bloom occurrences near shore. A biophysical dynamic simulation model and migrating drifters were used to assess whether such 'seed populations' could persist in nature. The vertical migration responses of plankton to an exclusively benthic nutrient source and light limitation would result in near-benthic behavioral trapping of a slowly growing population in conditions found on the West Florida Shelf (WFS). The model indicated that for a 50 m deep bottom, a 2-m-thick layer of ≥2 µmol NO 3 -/NO 2 -fluxing from the benthos was the minimum needed to permit growth for darkadapted K. brevis in an oligotrophic water column. Growth rates depended more on the duration of exposure to nutrients than on concentration; a 1-m-thick nutrient layer sustained minimum growth levels independently of the nutrient distri bution at depths ≤40 m. Field experiments using Autonomous Behaving Lagrangian Explorer drifters (ABLEs) that exhibited biomimetic vertical migration responses to the external environment demonstrated a benthically-oriented movement pattern in response to natural light and cues correlated with elevated near-benthic nutrients. Average measurements of nutrients and light from the bottom 2 m of the water column in a potential bloomforming region of the WFS were higher than the model-generated requirements for growth, suggesting that coastal nutrient distributions could support a benthic population offshore. Under upwelling conditions, such populations could be advected inshore to frontal convergence zones and form toxic 'red tide' blooms.
INTRODUCTION
Karenia brevis, a toxic dinoflagellate endemic to the Gulf of Mexico (GOM), has been detected near the surface at background concentrations (10 to 100 cells l −1 ) (Finucane 1964) year-round (Geesey & Tester 1993 ). These toxic phytoplankton in the GOM can form dense aggregations (or blooms) following upwelling or downwelling conditions and during the breakdown of vertical stratification (Walsh et al. 2003) . Adverse economic and ecological consequences have generated considerable interest in the mechanisms of bloom formation, knowledge of which would aid predictive modeling of impact zones. The neurotoxins (Shimizu et al. 1995) associated with the periodic blooms of Karenia brevis frequently affect not only tourism but also ocean and human health along the heavily populated shorelines near the West Florida Shelf (WFS) (Steidinger & Ingle 1972 , Steidinger 1983 , Kirkpatrick et al. 2004 .
Karenia brevis blooms on the WFS often form after upwelling events, which transport subsurface water shorewards (Stumpf et al. 2008) , suggesting that a source population for the bloom 'seed' cells may be surviving offshore near the benthos. Even though the majority of the water column along the shelf of the GOM is typically oligotrophic in the upper water column (< 0.1 µmol N), and growth rates of marine plankton are typically nitrogen limited (Hecky & Kilham 1988) , blooms of >10 4 cells l −1 appear to form at the surface 18 to 24 km offshore (Steidinger 1975 , Tester & Steidinger 1997 . K. brevis is efficient at nitrogen accumulation in low concentration conditions, indicated by its low half-saturation rate of nitrogen uptake, K s = 0.06 to 1.07 µmol N (Steidinger et al. 1998 , Bronk et al. 2004 , and can further enhance accumulation efficiency by increasing uptake rates after prior low-nutrient exposure (Sinclair et al. 2006a) . A variety of nitrogen forms present in porewater along the WFS and subsequently fluxing from the sediment could sustain a diffuse K. brevis population (Sinclair et al. 2006b ). K. brevis cells near the benthos could be transported shoreward by upwelling, become concentrated in frontal regions (Janowitz & Kamykowski 2006 , Walsh et al. 2006 , and subsequently form surface blooms. Red tide blooms commonly form along the WFS in the fall, when upwelling favorable conditions are likely .
K. brevis is motile, performing diel vertical migrations (DVM) (van Dolah & Leighfield 1999) , and adapted for both low-light (Shanley & Vargo 1993 , Magaña & Villareal 2006 and low-nutrient conditions (Sinclair et al. 2006a (Sinclair et al. ,b, 2009 , such as would be expected in offshore near-bottom water along the oligotrophic shelf of the GOM. Bloom formation has previously been assessed using surface sampling, but if these photosynthetic dinoflagellates migrate down to utilize a benthic nutrient source and bottom depth is >15 m, they are unlikely to reach the surface during their upward migration for light. DVM (described by Heil 1986 , Kamykowski et al. 1998a , van Dolah & Leighfield 1999 at speeds averaging 1 m h −1 (McKay 2004) would allow K. brevis to utilize light and nutrients separated by up to 12 m. Near-bottom aggregations of other dinoflagellates (Kamykowski 1974 , Cullen & Horrigan 1981 as well as individual K. brevis cells have been observed offshore in deep water during the ECOHAB cruise series. We hypothesized that regions of the WFS where light levels are above the minimum threshold for photosynthesis by K. brevis (Magaña & Villareal 2006) within diel vertical migration distance of the benthos can support populations of potential 'bloom-seeding' K. brevis cells (Fig. 1) .
Dinoflagellates have the ability to modulate their migration depth according to nutrient and light availability (Cullen & Horrigan 1981 , Cullen 1982 , Kamykowski et al. 1998a ). These 2 factors will determine whether subsurface populations can maintain a benthic orientation (migrating between the benthos and a region with sufficient light for photosynthesis) and persist over multiple generations. The speed of vertical migration for K. brevis is thought to be modulated by the relative intracellular levels of carbon (photosynthate) and nutrients (nitrate and phosphate) (Kamy kowski & Yamazaki 1997 , Kamykowski et al. 1998a , McKay 2004 . Since the vertical distribution of nutrients determines the maximum depth to which the dinoflagellates will migrate and therefore their exposure to light, near-benthic GOM water was analyzed for nutrient content, as well as for vertical gradients that might serve as orientation cues near the benthos. Behavior of biomimetic robot drifters (Autonomous Behaving Lagrangian Explorers, 'ABLEs') then determined whether biologically based 'swim- ming rules' would result in bottom-oriented migration behavior in the presence of vertical distributions of N that would result from benthic efflux or nearbottom, up-slope upwelling, even when the surface is within potential swimming distance of the benthos.
To assess whether such near-bottom populations could persist throughout the year, a simple biophysical model was developed in which the cells migrate between the 2 essential resources -light and nutrients. The swimming speed was dependent on the cells' relative need for photosynthate or nutrients (Yamazaki & Kamykowski 2000 , Liu et al. 2001a . If nutrient-limited K. brevis can maintain continuous bottom-oriented swimming behavior and reach cell division using natural in situ light, a near-benthic 'seed' population could persist over time.
MATERIALS AND METHODS

Water column sampling
Near-bottom profiler
Whether or not near-benthos water over the WFS in the GOM contains nutrients sufficient to sustain a benthic K. brevis population was examined offshore from Destin, FL, USA (centered around 30.141°N, 86.130°W) (Fig. 2) , an area where red tide blooms are known to occur, using the R/V 'Pelican' in October 2008 and July 2009 during the BenDiM2 and BenDiM3 cruise series, respecitvely. Blooms were not present at that site during those 2 cruises; we wished to study the environmental conditions for dinoflagellates during periods when blooms were not occurring. The limiting nutrient N for K. brevis (Odum et al. 1955 , Bein 1957 , using NO 3 − and NO 2 − levels, was measured in near-benthic water at 3 sampling locations along each of the 20, 30, and 40 m isobaths. In 2009, to measure undisturbed nearbottom nutrient distributions, a prototype water sampler ( Fig. 3 ) collected 14 simultaneous ~30 cm 3 samples from 10 cm to 2 m above the bottom, at 10 to 20 cm increments. The sampling chambers were mounted on a tripod lander that was triggered remotely a few minutes after landing to prevent contamination with water from other depths. Water was filtered immediately (GF/F, 0.7 µm), then frozen (−20°C) until NO 3 − /NO 2 − analysis was performed (courtesy of the J. Burkholder Lab, North Carolina State University) using a Lachat Instruments Quickchem 8000 Autoanalyzer. Calibration of the Lachat was conducted with low-nutrient seawater, collected from a depth of 50 m in the Gulf Stream off the North Carolina coast by the R/V 'Cape Hatteras'.
CTD sampling
To determine whether near benthic nutrient availability is inversely related to changes in available light near the sea floor, due to reduced competition for resources in low light, we measured the vertical attenuation of photosynthetically active radiation (PAR), along with the distribution of phytoplankton, in relation to temperature, salinity, and a coarse (Schlitzer 2012) to indicate areas of vertical stratification within the water column; this being the frequency that a parcel of water would oscillate around its original depth due to buoyancy if perturbed vertically, with large values indicating stability. PAR was measured using a Biospherical Instruments 2-QSP-200L and Surface QSR sensor, and chl a was measured by a Chelsea Instruments Aquatraka III mounted to the top of a ~1.5 m tall Sea-Bird CTD rosette that measured salinity, temperature, and depth using the Seabird SBE-9+. Nine stations were occupied along each of 2 transects forming a V-shape with respect to the shoreline and with a small variation in precise location of 2 of the stations between cruises, close to the locations of the nutrient lander sampling stations. NO 3 -/NO 2 -concentrations were measured at multiple depths with a Satlantic ISUS sensor using water collected via Niskin bottles during the profiling cast. During October 2008, however, the simultaneous collection of near-bottom nutrient samples using a previous design of the nutrient lander was unsuccessful due to bottle contamination. These NO 3 -/NO 2 -concentrations were compared to near-bottom light levels to determine whether higher levels of nutrients were available near the sea floor when light levels fell below 1% of surface PAR, depths where the less motile majority of phytoplankton are poorly represented.
Biophysical model
STELLA framework
The effect of small changes in location and distribution of nutrients in the water column on cellular growth and reproduction of K. brevis was tested using a biophysical simulation model constructed with STELLA (Systems Thinking for Education and Research; ISEE). STELLA provides a graphical model-building interface to follow a single process, in this case cellular swimming behavior, by visually defining causal relationships among model parameters (see the Appendix). The underlying model equations are then built automatically. The effect of variations in each parameter, as well as their relative importance for altering the main process, can be compared by using incremental changes in successive modeling runs. The power of the STELLA tool is to identify the effect of each individual factor on the experimental process (sensitivity analysis) and thus progressively simplify the model. The graphical format then gives an intuitive understanding of how small changes in some factors could result in important behavioral changes. To regulate vertical swimming behavior and consequent exposures to light and nutrients (Kamykowski & Yamazaki 1997 , Yamazaki & Kamykowski 2000 , the 1-D spatial model relies on the calculation of internal pools of nutrients and photosynthate (Kamykowski et al. 1998a ). The change in vertical position at each time step is calculated using 2 factors: time of day, governing vertical direction moved, and the current relative fullness of cellular C and N pools, governing speed and thus distance moved per time step (for model details, see the Appendix). Using the cell division rate and the migration height away from the benthos as the response variables, we determined the minimum thickness of a near-benthic nutrientenriched layer at depths from 20 to 60 m, the minimum nutrient concentration from nitrogen compounds, [N] , needed for each nutrient layer thickness, and the importance of the nutrient distribution within the layer, for maintaining benthically oriented behavior.
Modeled water column trials
To determine the minimum nutrient distributions necessary to sustain a benthic population of cells, a minimum cellular division rate was first selected, above which a population was considered self-sustaining. Under nutrient replete conditions, K. brevis typically reproduces by fission at a rate of 0.3 divisions d −1 , as in our model. Division rates for K. brevis in numerous studies have varied from 0.94 (Loret et al. 2002) to 0.05 divisions d −1 (Shanley & Vargo 1993 ), but tests specifically for a minimum division rate in natural environmental conditions have not been done. As potential populations of K. brevis surviving near the benthos may encounter conditions that are both light-and nutrient-limiting during different hours of a diel cycle, we selected a conservative minimum growth rate of 0.07 divisions d . This rate exceeded the minimum rates mentioned above, so was considered sufficient to sustain the population for the purposes of our experiments.
The minimum nutrient requirements for population persistence along the WFS were determined by modeling the effects of NO 3 -/NO 2 -levels (ranging from 0.1 to 10 µM) on division rate and the migration height up from the benthos. Enriched nutrient concentrations adjacent to the sediment−water interface were simulated and both the vertical extent of the NO 3 -/NO 2 -layer from the sediment (the nutrient layer thickness) and the concentration of those nutrients within the layer were varied, using ranges of 1 to 3 m for thickness, in 0.5 m increments, and nutrient concentrations in the layer of 0.1, 0.5, 1, 2, 5, or 10 µM.
Because maximum near-benthic light levels diminish as the water column deepens offshore, each of these nutrient concentrations was tested at depths of 20 to 60 m, using 10 m increments, in conditions where 1% surface PAR uniformly penetrates to ~22 m across the modeled shelf. All simulations were initialized with the dark-adapted, newly divided daughter cell containing half of the carbon and nutrients of the parent cell: 45 pmol C and 10 pmol N. The distributions of nutrients within the 1 to 3 m thick near-benthic layers were also altered from uniform concentrations to gradients that decreased (linearly or exponentially) with increased distance from the benthos, using ranges of either 3 to 0.1 µM or 10 to 0.1 µM. Finally, a randomly-varying nutrient concentration within the enriched layer was specified, using 0 to 4 and 0 to 10 µM nutrient ranges, to mimic the effect of small-scale turbulent advection from a benthic nutrient source. The division rates and vertical migration heights were used to determine the minimum nutrient concentration and maximum bottom depth at which a population of K. brevis with benthic orientation could be sustained.
Mimicking plankton: ABLE
ABLE description
The Autonomous Behaving Lagrangian Explorer (ABLE), designed by Dr. Tom Wolcott (unpubl.), is a biomimetic robotic drifter that senses in situ environmental stimuli (e.g. variations in PAR, pressure, salinity, or temperature) and can be programmed to respond to these cues with vertical migration behavior like that of the planktonic organism of interest. In the case of K. brevis, the ABLE bases its vertical migrations on continuous calculations of the fulfillment of internal cellular needs under in situ conditions, and modulation of the swimming velocity in a biologically realistic way.
Quarry deployment
To assess whether vertical swimming behavior of K. brevis would remain benthically oriented in response to changes in benthic nutrient sources under natural light conditions, 6 ABLEs were deployed simultaneously, with 3 replicate deployments, in a flooded rock quarry (Rolesville, NC) for 6 to 12 d, to span periods longer than the expected time to the next cellular division. ABLEs were tested in June, July, and September of 2008, corresponding with the light conditions during the BenDiM cruises. The light attenuation coefficient (k = 0.26) was within the range found in the GOM (k = 0.04 to 0.4) and the water column depth (17 m) was only a few meters deeper than the expected migration amplitude of K. brevis. The ABLEs logged the driving variables (diel time, in situ light and temperature) and their responses to those drivers (their vertical migration profiles, the calculated concentrations of nutrients they encountered, fullness of C-and N-pools, and cellular division rates). The ABLEs were programmed to calculate changes in their N and C pools based on in situ conditions, and modify vertical movement, using the same formulas, parameter constants, and rules for division as in the STELLA model. To prevent drifting into quarry walls, ABLEs were attached to rings sliding freely on taut vertical cords.
To determine whether, after upwelling has occurred offshore, the appearance of blooms is behaviorally induced or a result of physical water processes, the ABLEs were programmed to 'encounter' one of 2 different nutrient regimes as they migrated downward. To simulate benthic flux, the ABLEs were programmed to encounter 0 µM [N] in the water column and a uniform concentration of 10 µM [N] extending 0.5 m from the sediment. To simulate the upwelling conditions seen just before many blooms, ABLEs were programmed to encounter 0.1 µM [N] in the water column and an increasing concentration as a function of decreasing temperature below 11 m. The latter was governed by [N] = T m C − T C C, where C is the cellular carbon content, T C is the water temperature below the thermocline (°C) and T m is an arbitrary value above the maximum expected temperature at the top of the thermocline. In the conditions in the quarry, where the thermocline was at about 11 m depth, this resulted in a gradient of > 0.1 up to a theoretical maximum of ~6 µM [N] . The vertical migrations of ABLEs under simulated field conditions were compared with output of computer models simulating the same conditions. If a benthic nutrient source results in bottom oriented vertical migration of K. brevis (models or mimics), and nutrients from such a source in the GOM are sufficient to maintain growth in that benthically oriented population, then they could sustain a population of cells that could subsequently seed a bloom under upwelling conditions.
RESULTS
Water column sampling
Near-bottom profiler
Average near-bottom concentrations of NO 3 -/NO 2 -measured on the WFS in the GOM were higher at the 40 m isobath, where light levels were ~3.2% surface PAR, than at 30 or 20 m isobaths, where light was ~8 and 22% surface PAR, respectively. In near-bottom water collected by our micro-samplers, NO 3 -/NO 2 -concentration varied from < 0.1 µM to 7 µM with high variability between successive samples spaced at 10 to 20 cm intervals from the bottom. No discernible gradient in nutrients with increasing distance from the benthos was evident in the samples from any of the 2 m vertical transects. Average NO 3 -/NO 2 -values at the 40, 30, and 20 m isobaths were 2.129 ± 0.15, 0.93 ± 0.15, and 1.376 ± 0.17 µM ± SE, respectively. No data were collected at one of the 3 intended 30 m isobath sites, and one of the 3 stations at the 40 m isobath was sampled twice at different times during the cruise.
CTD sampling
Average NO 3 -/NO 2 -, using ISUS-analyzed Niskin water samples from vertical profiles along 2 crossshelf transects (Fig. 4E ) put the nutrient distributions into the context of the whole water column (Fig. 4A) and showed a pattern similar to that found in the benthic lander samples from the bottom meter of the water column (Fig. 5 ): < 0.3, 1.5, 0.89, 3.4, and 6.2 µM at 20, 30, 35, 40 to 50, and 60 m bottom depths, respectively. Although these measurements were not identical to the average values from the benthic landers, they fell well within the range of individual lander samples for each isobath. The upper bound of the near-benthic nutrient layer could not be determined precisely from Niskin samples, but the layer seemed to in crease in both thickness ( . The calculated Brunt-Väisälä frequency (Fig. 4D ) maximum, along with temperature and salinity gradients, indicated a stratification of surface and deeper water typical of non-bloom periods.
Biophysical model
The STELLA model was used to determine, for various nutrient layer thicknesses, the minimum nutrient concentration needed to sustain the minimum growth rate allowing persistence of a population (Fig. 6 ) using a representative, species-specific nu trient uptake capability. When k = 0.1 m −1 with a uniform layer of enriched nutrients near the benthos, growth rates of 0.07 divisions d −1 were not sustained at depths below 50 m for any of the tested concentrations and nutrient distribution profiles. Population growth occurred with nutrient concentrations ≥0.5 µM for depths ≤50 m (when > 0.7% surface PAR reached the sediment) if nutrients extended through a 3 m layer from the benthos. If nutrient concentrations were ≥1 µM throughout a nutrient layer ≥1.5 m thick, growth occurred as deep as 45 m (1.1% surface PAR at the sediment). Growth was sustained at 50 m by a nutrient layer with this same 1.5 m thickness, but only if the concentration throughout was ≥5 µM, a concentration rarely observed on the oligotrophic GOM shelf other than in a study conducted in conjunction with the present one . A growing population was not maintained when bottom depth was 60 m (0.25% surface PAR) unless the nutrient layer extended ≥6 m from the bottom.
When the nutrient concentration within the enriched layer was either a linear gradient or randomly varying between 0.1 and 10 µmol NO 3 -/NO 2 -(see Appendix), the growth rates were similar to those in a uniform layer with the same average nutrient concentration (Fig. 7) . At the 30 m isobath, for example, where light was 5% surface PAR, the growth rate (E) Section distance is the distance along the transect, beginning near shore on the western leg, moving offshore to the farthest sample point, then returning near shore along the eastern leg. Plots were generated using Ocean Data View (Schlitzer 2012) increased with each increase in average nutrient concentration within a 1 m thick nutrient layer regardless of whether the distribution was constant, linearly decreasing, or random. As the thickness of the nutrient layer increased at this depth, the division rate differed by a day between different nutrient distributions. When light levels near the benthos were 0.7% of surface PAR, as at the 50 m isobath in the model, growth above the 0.07 division d −1 threshold occurred in an enriched layer with uniform [N] when it was ≥1.5 m thick, but it needed to be ≥2 m thick if [N] was variable as it is more representative of the natural heterogeneity of nutrients in the water column. At 60 m, where light is 0.25% surface PAR, the population did not have enough light to maintain benthic orientation and instead migrated upward, becoming a surface-oriented population.
To determine causal relationships on growth rate when [N] had little independent effect, growth rate was analyzed in a multivariate matrix for correlations with the hours per day that our modeled phytoplankton were exposed to both light and nutrients, depth (along with the corresponding light exposure), the thickness of the nutrient layer, the concentration of the nutrients, and the distribution pattern of those nutrients. The strongest correlation (Fig. 8) for constant nutrient concentrations (0.75) was between the growth rate and time spent within a nutrient rich layer. Weaker correlations existed between growth rate and nutrient layer thickness (0.50) and bottom depth (−0.70), but was not significant between growth rate and nitrogen concentration (0.23). If linearly decreasing and randomly distributed concentrations were included in the comparison for the 20 to 50 m isobaths, then the linear concentrations showed the greatest correlations, 0.66 and −0.66 for nutrient layer depth and bottom depth respectively, whereas nutrient exposure time lost significance since it did not differ between the 2 different concentration profiles. For randomly distributed concentrations, the effect of bottom depth became the primary correlation with division rate (−0.75) followed by nutrient layer depth (0.52).
Mimicking plankton: ABLE
Nutrient effects given natural light changes
Benthically oriented migration occurred for multiple ABLE devices under natural ) simulated for a variety of nutrient distributions and bottom depths. Within the nutrient layer, the tested constant nutrient concentrations, randomly variable concentrations and linearly varying concentrations are averaged together for each nutrient layer depth at each isobath light conditions in a quarry when we compared deployments of 8 ABLEs sensing upwelled nutrients to 6 ABLEs detecting a thin near-benthic nutrient layer (Fig. 9) . When nutrients were available only within 0.5 m of the bottom of the quarry at 10 µM concentrations, cells remained benthically oriented with a diel vertical migration (DVM) centered around an average depth of 12.8 m during the cellular lifespan and a predicted average depth of 13.4 m using the assumption that cells continued to accumulate photosynthate and nutrients with the same levels of nutrient and light exposure until cellular division. ABLE deployed with the temperature-dependent upwelled nutrient scenario, with low levels of nutrients throughout the water column and an elevated concentration in the bottom 5 m of the water column, had a DVM with an average depth of 8.9 m, and several units reached the surface after the first 'cellular division'. Those 'cells' had a net positive uptake of nutrients throughout the water column from the background 0.1 µM NO 3 -/NO 2 -concentration, causing the units to migrate upward to within 4 m of the surface and to utilize only the top of the deep nutrient-enriched layer.
Population persistence
Growth rates calculated by ABLEs in the 5 m thick, low-concentration nutrient scenario averaged 0.23 divisions d −1 and 'cell division' often occurred twice in the course of the deployment (Fig. 10) . In the 0.5 m thick nutrient layer scenario, only one of the deployments resulted in cells that did not divide within the 0.07 divisions d −1 threshold. Deployment durations were shorter than cellular division times for ABLEs simulating a near-benthic nutrient layer, so the division rate and time of exposure to nutrients were projected based on a predictable level of exposure to light and nutrients for each de ployment. Incorporating the light attenuation, depth, and nutrient scenarios into the STELLA model resulted in an average depth of 11.9 m for the benthic scenario and 9.46 m for the upwelled nutrient scenario, with growth rates and vertical behavior similar to the ABLE profiles. The ABLEs mimicking dinoflagellates in the quarry spent less time in the benthic nutrient layer than model dino flagellates in the equivalent STELLA scenario; the sensors used in nutrient calculations detected conditions that would have resulted in a ) to the minimum values for nutrient concentration, light exposure (bottom depth), nutrient layer thickness, and hours exposed to nutrients per day. Grey areas indicate density ellipses; the ellipses for strong cor relations will appear increasingly thin and more diagonal as the correlation approaches 1/-1 nutrient exposure time of 1.9 to 3.1 h d −1 during the quarry experiments. In addition, 2 of these benthically oriented ABLEs malfunctioned because the sensor upon which the nutrient calculations depended did not operate as designed, causing them to have an artificially low 'nutrient uptake' period. A simultaneous light sensor malfunction on one of these ABLEs caused the sim ulated cellular respiration to exceed cell resource 'uptake', so the cell had a net loss of cellular re sources during deployment. These data were not excluded, unlike those from the other units that failed to operate as programmed through hardware failure, because they demonstrate the effect of ex treme nutrient limitation on growth and migration. Difficulties arising from malfunctions were a natural hazard of using prototypes of an instrument still under development.
DISCUSSION
Population persistence
Multiple theories have been proposed for the formation and sustainability of offshore Karenia brevis blooms, but little focus has been placed on how and where the cells that act as seed populations for blooms are subsisting during non-bloom periods. While blooms of some dinoflagellate species initiate after the excyst- ment of resting cysts that previously fell to the sediment during extreme unfavorable conditions (Prakash 1967 , Steidinger 1975 , K. brevis does not appear to have a resting cyst phase (Persson et al. 2013 ) from which blooms could initiate. Based on the behavior of K. brevis in our STELLA model and with ABLE in our quarry experiments, we suggest that a near-benthic subpopulation is a plausible alternative source for some red tide blooms. The presence or absence of such near-benthic subpopulations in particular locations could be governed by the distribution of nutrients within the lower region of the water column. In a system with nutrients randomly distributed within a near-benthic layer, near-benthic light levels are the primary factor regulating division rate; if nutrients decrease linearly away from the sediment -water inter face, the nutrient layer thickness and near-benthic light become equally important; and if nutrient levels are constant throughout a near-benthic layer, the time a cell spends within the nutrient layer is the strongest predictor of growth.
On the northwest coastal shelf of Flo rida in 2009 during July, a month when blooms are uncommon, NO 3 -/NO 2 -in the GOM exceeded levels required in models for populations of benthically oriented K. brevis to subsist. At a bottom depth of 50 m, when light averaged 0.52% of surface PAR, the STELLA model showed that a population could persist given a benthic nutrient layer ≥ 3 m thick that contained [N] ≥ 0.5 µM. Under these same light attenuation conditions in the GOM, we measured a layer containing ≥ 0.5 µM NO 3 -/NO 2 -extending to at least 15 m from the benthos. In general, nutrients near the benthos extended farther from the sediment as bottom depth increased beyond 35 m, where light is 2.5% of surface PAR. Shallower than 35 m, nearbottom concentrations averaged between 1 and 2 µmol, with the lowest values occurring be tween 30 and 35 m isobaths in both the benthic lander and Niskin bottle samples. Chl a profiles also showed an increase to as much as 3.0 µg l −1 between 30 and 35 m, coinciding with the de crease in NO 3 -/NO 2 -near the benthos, indicating that the decrease in NO 3 -/NO 2 -is likely to be biologically related, perhaps through utilization by phytoplankton species other than K. brevis. K. brevis cells did not dominate the phytoplankton biomass in this region, as expected from their relatively slow growth rate under nutrient-replete conditions (Walsh et al. 2001 ), but were in stead found near the benthos below the 10% of surface PAR threshold, at bottom depths of 35 m to the end of the transect at 65 m ).
Near-benthic nitrate and nitrite appeared to be less available in the near-benthic layer along this same transect during the summer−fall transition, when mixing events may redistribute nutrients throughout the water column and blooms are frequently detected (Fig. 11) . During the BENDIM2 cruise in October 2008 , NO 3 -/NO 2 -in Niskin bottle samples showed a distribution between 1.48 and 1.89 µM throughout the water column after the passage of the wind event. Light sufficient to saturate growth in dark-adapted cells penetrated to an average of 17.4 m (k = 0.29), and STELLA simulations performed with this light attenuation value suggested that for bottom depths ≥26 m populations would persist only if sub-euphotic zone nutrients extended to within 4 or 5 m of the region into which light penetrated. High light attenuation made the formation of a benthic subpopulation unlikely according to our model because, when isobaths were deeper than 20 m, populations either became surface-oriented due to light limitation or did not attain the minimum growth rate.
Contrary to model predictions, gyroxanthin-containing dinoflagellates, a group which includes K. brevis, were detected near the benthos along these same transects in significant numbers, not only near the 20 m isobath as predicted, but also in lower numbers near the benthos down to 50 m (Grabowski 2010) . A partial explanation is offered by the ability of K. brevis cells to migrate into interstitial spaces between sediment grains , where higher nutrient concentrations may be available (Sinclair et al. 2006b ). K. brevis also has the ability to utilize organic forms of N (Wilson 1966) , exhibiting higher growth rates than when using inorganic forms (Shimizu et al. 1995) . Under low-light conditions, their maximum uptake rates (in pmol h − and 10.56 µM NH 4 + were detected in porewater samples collected from 0.5 cm below the sediment surface at one sampling site (G. Sinclair pers. obs.). Another factor that may contribute to persistence of K. brevis under severe nutrient limitation is that it can also enhance its dark uptake of N to nearly daylight rates subsequent to low-nutrient exposure (Sinclair et al. 2006a) . Furthermore, when a K. brevis cell near the benthos receives less (Sinclair & Kamykowski 2006 ) than the compensation irradiance of 0.3% surface PAR (Shanley 1985 , Shanley & Vargo 1993 , it may become phagotrophic. Mixotrophy, already suggested as a potentially important mechanism for nutrient acquisition for harmful algal blooms in high-nutrient, low-light environments (Burkholder et al. 2008) , has been detected in K. brevis, when they ingested Synechococcus in a laboratory experiment (Jeong et al. 2005) , and suggested or detected for a variety of prey in numerous other dinoflagellate species (summarized in Stoecker 1999 , Burkholder et al. 2008 . Such additional nutrient sources and changes to uptake rates could be included to strengthen the realism of future models. These behaviors may be the alternatives for K. brevis in place of the formation of resting cysts and be superior survival strategies as bloom-favorable conditions could occur at any time of year in the GOM.
Benthic lander samples did not reveal a nutrient gradient above the sediment that could cue oriented swimming responses (as observed in other dinoflagellates; Ikegami et al. 1995) . Instead, they indicated patchiness of nutrient availability, with nitrogen concentrations changing by as much as 4.6 µmol over a 10 to 20 cm depth increment. If these conditions are typical for the GOM, then K. brevis cannot be rely- ing on a 'nutrient taxis,' swimming directionally in response to a gradient. The individual migration responses of K. brevis cells to encounters with this patchy nutrient distribution may partially explain their nocturnal dispersion throughout the lower water column (Kamykowski et al. 1998a ,b, Sinclair 2005 , rather than concentration in a discrete layer near the benthos, as would be expected from a tactic migration response to a gradient. A near-benthic aggregation, however, was noted during the ECO-HAB 2000 cruise . The patchiness of NO 3 -/NO 2 -was not detected in the samples collected via Niskin bottles from CTD casts, probably due to the averaging effects resulting from the much larger size of the bottles and the mixing effect from the vertical motion of the rosette during collection. Growth rate in our STELLA model did not correlate significantly with a patchy distribution of nutrients within the near-benthic layer (the 'random distribution' case), so our model predictions remain unchanged.
Benthic versus surface orientation of migration
For a potential near-benthic seed population to be maintained, nutrient limitation and a near-benthic nutrient supply within reach of accessible light are expected to define, respectively, the nearshore and offshore extents of the habitable range of that subpopulation. In these experiments, the simulated dinoflagellates were not programmed to migrate with any explicit reference to the bottom; instead, they maintained that benthic orientation by swimming behavior modulated solely by relative internal levels of photosynthate and nutrients (C and N) required for growth. In our quarry simulation of a nearshore environment, we compared the reaction of K. brevis cells to 2 different sets of environmental conditions: nutrients restricted to a thin layer near the benthos, such as might be encountered during summer months in a stratified water column, and diffuse nutrients extending well up into the water column, such as might be encountered during the onset of upwelling in the fall. While the simulated K. brevis cells remained in the lower part of the water column if nutrients were restricted to the bottom 0.5 m, this extreme nutrient limitation resulted in neither cellular division above our threshold of 0.07 divisions d , nor (consequently) population maintenance. Even using average rather than extreme nutrient conditions for this season, dinoflagellates grow 1/3 as fast as many other species of co-occurring phytoplankton (van Dolah & Leighfield 1999 , Walsh et al. 2001 ), so are not well suited to outcompete them in this nearshore region. At the other extreme, in offshore water when light levels fell below the minimum carbon uptake threshold for K. brevis, the ABLE migrated higher into the water column. Although a surface nutrient source was not included in ABLE programs, as in the STELLA model a subsequent encounter with any nutrient source near the surface caused the migrations of simulated K. brevis cells to become surface oriented.
The appearance of K. brevis blooms, originating 18 to 74 km offshore (Steidinger 1975) , may be related to a transition of a near-benthic population to surface orientation as the nutrient conditions make a seasonal transition between states similar to the extremes tested in our quarry experiments. The unpredictability of these bloom occurrences may be related to the high variability in the availability of suitable near-benthic 'habitat' due to light attenuation. Our seed population in the STELLA model persisted at bottom depths of at least 50 m when k = 0.1 m −1 as it was in July 2009; this isobath occurs 26 to 145 km offshore, depending on the location along the WFS. Conversely, when k = 0.29 m −1 (as it was in October 2008) was used in the model, the 1% surface PAR penetrated to only 17.4 m, so populations with a 2 m thick nutrient layer could survive only to 26 m bottom depths, or 4 to 35 km offshore. If a minimum of 3.5 h of time spent in a high nutrient region is required for growth during a downward migration, as in our STELLA model, we can determine that the 1% surface PAR must be available within ~9 m of a highnutrient near-benthic layer for cells to maintain a growth rate above 0.07 divisions d −1
. Benthically oriented cells carried with bottom water could encounter a broad range of conditions in the shelf of the GOM; so, being able to survive in very limiting conditions may be a critical advantage for K. brevis. Populations near the benthos can persist for several generations if transported into low-light strata. When transported onshore into nutrient rich, shallower, higher-light waters, surviving cells might later seed a bloom if they accumulate in frontal regions (Liu et al. 2001a , Janowitz & Kamykowski 2006 .
While surface-oriented K. brevis populations are well studied and a near-benthic subpopulation also has considerable evidence to support it, an additional third type of mid-water subpopulation may exist in deeper offshore water, with different implications for transport based on water column position. Aside from the near-benthic concentration, an additional elevated concentration of gyroxanthin-containing dino flagellates was measured ~12 m above the sedi-ment when the bottom depth (42 m) was well below the euphotic zone (Grabowski 2010) . Similar aggregation at mid-depth was also noted in the STELLA model; in cases where near-benthic light became too limiting for growth but nutrients were also limiting, some cells moved up into the mid-water column and migrated between low light at the bottom of the euphotic zone and the top of a diffuse nutrientenriched layer extending several meters up from the benthos.
We suggest blooms can form when a subpopulation that has persisted deep in offshore shelf waters maintains a benthic-oriented DVM while being carried toward shore, with the deep water, under upwelling conditions. For a bloom to form and be transported shoreward, the K. brevis cells must increase in number with each successive generation, and the water layers through which they are migrating must be moving shoreward. As this subpopulation moves shoreward into shallower waters with lower nearbenthic nutrients and higher light, the migrational pattern will change from benthic-to surface-oriented near shore, exposing the cells to higher near-surface nutrients (Franks 1992) . K. brevis cells will increase their growth rates in response to simultaneous exposure to both high nutrients and light exposure, may then be hydrodynamically accumulated in frontal regions (Janowitz & Kamykowski 2006) , and become a bloom. As the nascent bloom moves into the surface water, it becomes detectable by satellite and conventional sampling techniques.
The carbon content of a K. brevis cell ranges from 36 to 90 pmol (Heil 1986) Heil (1986) . In our model, a newly divided daughter cell receives half of the maximum carbon pool (45 pmol) and nutrient pool (10 pmol). Because dinoflagellates divide at species-specific times of day (Berdalet et al. 1992) , and K. brevis has been observed dividing a few hours prior to sunrise, cellular division in our model took place at 03:00 h, as in a previous biophysical model (Liu et al. 2001a) .
The depth of the cell at time (t) is:
where Cell CU is the ascending swimming speed: Swimming speed will decrease as the cellular pool fills, from 0.9 m h −1 to 0.5 m h −1 as the cellular pool reaches maximum capa city. The cell swims upwards faster than downwards if it requires more carbon from photosynthesis than nutrients. A large nutrient deficit will make downward migration faster than upward migration; therefore, nutrient depleted K. brevis will remain low in the water column for longer periods of time than nutrient replete cells (Liu et al. 2001b ). In this model, division produces 2 identical daughter cells when both the nutrient and carbon pools become at least 90% full simultaneously (Kamy kowski et al. 1998a).
The internal cellular carbon content, Cell C , is:
Cell C (t+1) = [Cell C (t) + Cell C (t) Uptake − Cell C (t) Resp ] · dt (A4) with an uptake rate determined by Michaelis-Menten kinetics:
Cell C (t) Uptake = [(C lm · I z )/(K i + I z )] · dt (A5)
where C Im is the maximum carbon intake rate of 2 pmol C h −1 cell −1
, calculated from the uptake needed to refill the C pool (halved at division) by fixing 45 pmol carbon using a typical expected light exposure of 8 h d −1 over the 3 d cell cycle typical for the Wilson clone of K. brevis in a nutrientreplete environment (Shanley & Vargo 1993) . This is net photosynthetic rate, encompassing dark respiration and carbon loss due to protein synthesis. K i is the light half saturation constant of 50 µmol quanta m −2 s −1
, indicating a dark adapted K. brevis cell and mid-range between 31 and 67 µmol m −2 s −1 (Magana & Villareal 2006) , and I z is the vertical light intensity gradient in the water column, determined using Beer's law of light attenuation:
where z is the cell depth (m) from the surface, I o is the incident light at the surface, and k is the typical attenuation coefficient for the Gulf of Mexico of 0.1 (m −1 ) as in Yamazaki & Kamykowski (2000) . In this model, I o was a sinusoidal function with all negative values of the sine wave interpreted as 0. Cellular respiration was calculated assuming a 5% loss, e.g. It should be noted that because these cells were encountering nutrients only near the benthos at the lower bound of their downward migration, which occurred at night, the VM NO 3 value was always calculated from the dark uptake equation (Eq. A11), which is expected to be more conservative than the true uptake rate in low-nutrient conditions (Sinclair et al. 2006a ). The cellular leakage rate:
Cell N (t) Leakage = {[(VM NO 3 · 0.1)/(K NO 3 + 0.1)] · 0.5} · dt (A12) was calculated as 50% of the uptake rate at a nutrient concentration of 0.1 µM NO 3 to account for the fact that growth is not known to occur in nutrient concentrations below 0.1 µM.
